A geometrically frustrated lattice may host frustrated electron spin or charge states that spawn exotic quantum phases. We show that a newly synthesized metal-organic framework of CuHexaaminobenzene [Cu 3 (HAB) 2 ] exhibits a multi spectra of unusual quantum phases long sought after in condensed matter physics. On one hand, the Cu 2+ ions form an ideal S-1/2 antiferromagnetic kagome lattice. On the other hand, the conjugated-electrons from the organic ligands give rise to completely dispersionless energy bands around the Fermi level, reproducing a frustrated πx-πy hopping model on a honeycomb lattice. We propose to characterize the coexistence of frustrated local spins and conjugated electrons through scanning tunneling microscopy simulations. Most remarkably, their close energy proximity enables one to tune the system between the two frustrated states by doping up to one hole per HAB unit. Thus, Cu 3 (HAB) 2 provides a unique exciting platform to investigate the interplay of frustrated spins and electrons in one single lattice, e.g. by gating experiments, which will undoubtedly raise interesting theoretical questions leading to possible new condensedmatter phases.
D
evelopment in modern chemical synthesis is turning metal-organic frameworks (MOF) into a playful legoland for condensed matter physicists, where lattice structures with desired electronic and magnetic properties can be delicately tailored with diverse metal ions and organic linkers (1) (2) (3) (4) . The most recent fascination is about the "frustrated" spins or electrons triggered by special lattice geometry. The frustration is considered to suppress classical orders and lead to highly nontrivial quantum-entangled phases, such as quantum spin liquid (QSL) state (5) (6) (7) . Experiments in inorganic systems, namely herbertsmithite (8) (9) (10) and Zn-barlowite (11) , suggest a gapped QSL in a kagome spin system although the existence of the gap is still under debate (12) (13) (14) (15) (16) (17) (18) . Several organic molecular crystals are among the most promising QSL candidates (19) (20) (21) (22) (23) , e.g. κ-(BEDT-TTF)2Cu2(CN)3 and EtMe3Sb[Pd(dmit)2]2, both of which are found to have a charge insulating yet spin fluctuating ground state. Very recently, it was proposed that Kitaev spin liquid could be realized in a MOF with Ru 3+ (24) .
There are also first-principles MOF designs of "frustrated metal". For example, in an In-phenylene framework (25) , calculation predicts completely dispersionless electronic bands around the Fermi level. The underlying physics is described by a frustrated px-py hopping model on a honeycomb lattice, which was previously mainly studied in cold-atom setups (26, 27) . Because the kinetic energy is largely quenched, the dispersionless band, or "flat band", naturally becomes an interaction-dominated platform, giving rise to various instabilities, such as charge-density wave, ferromagnetism, superconductivity and even high-temperature fractional quantum Hall states (28) (29) (30) (31) .
Here, we discover a rare example, i.e. a Cuhexaaminobenzene framework [Cu3(HAB)2, Cu3(C6N6H6)2], that simultaneously hosts both frustrated spins and frustrated electrons. The crystalline Cu3(HAB)2 has already been synthesized by coordinating hexaaminobenzene (HAB) ligands and Cu ions through air-liquid or liquid-liquid interfacial interaction (32) . As schematically shown in Fig. 1(a) , the HAB ligands connect Cu ions into a two-dimensional (2D) periodic lattice; each Cu ion locally coordinates with four N atoms in a distorted planar square geometry. We reveal that this material can be viewed as a combination of two subsystems [ Fig. 1(b) ]. One is a kagome antiferromagentic S = 1/2 lattice (KAFM) consisting of the Cu 2+ ions. KAFM is considered as one of the most promising systems to realize QSL (33) . The most fascinating feature in KAFM is the possible existence of fractional spinon excitations, which was speculated in theory decades ago and has been recently observed in experiments (9, 11) . The other subsystem consists of px,y-like (πx,y) molecular orbitals on a honeycomb lattice, which give rise to an itinerant flat band right at the Fermi level. Because the flat band is susceptible to various spontaneous symmetry breaking, electrons in this band are considered to be in a fragile Fermi liquid (FL) state. Remarkably, the two subsystems are strongly coupled
Significance Statement
Both electron spin and charge can get frustrated in a geometrically frustrated lattice. If spins are favored to align antiferromagnetic in up and down direction on neighboring sites, they will be frustrated in a triangle lattice; if electrons move too slow in a lattice with a narrow bandwidth of quenched kinetic energy, they are in a frustrated charge state incapable of hopping independently because of Coulomb repulsion. Such frustrations leading to exotic quantum phases have fascinated theorists for a long time. However, real materials with frustrated spin lattice have only been identified recently. Here, we discover that a newly synthesized metal-organic framework [Cu3(C6N6H6)2] hosts simultaneously both frustrated spins and electrons, affording an exciting platform to explore new exotic quantum phases. within a close energy proximity, leading to the possibility of new phases with different amount of doping, which is experimentally feasible. The system can be readily tuned, e.g. by gating experiments into a series of quantum states with different electron filling, as illustrated in Fig. 1(c) . The evolution of these quantum states will be discussed qualitatively before the end of this Article. The coupling between these two subsystems poses an important but difficult theoretical question, and a complete answer may strongly rely on new experimental input. The primary goal of the present work is to computationally substantiate the proposed bifrustration in this real material, and to establish a basis for future investigation.
Calculation results
We first calculated the band structure within the standard density functional theory (DFT, Supporting Information) [ Fig. 2(a)] . Below the Fermi level (from -1.75 to -0.5 eV), there is a pair of isolated πz Dirac bands just like the pz-bands in graphene. Around the Fermi level (from -0.25 to 0.5 eV), there are seven bands, among which three are completely dispersionless, manifesting typical features of frustration. More importantly, the Fermi level almost coincides with one of the flat band. By resolving these bands according to the atomic composition, they can be decomposed into a three-band set (red) and a four-band set (blue). The three-band set mainly arises from the Cu ions, which can be nicely fitted by a singleorbital tight-binding (TB) hopping model on a kagome lattice 
where the summation ij are constrained within the nearestneighbors (NN) on the Cu kagome lattice indexed by i, j, and t d = 0.06 eV is the fitted NN hopping amplitude. The fourband set arises from a combination of N and C orbitals, which reflects the typical features of an effective πxy σ-bond hopping model on a honeycomb lattice:
where the summation IJ are constrained within the NN bonds on the HAB honeycomb lattice indexed by I, J. π
creates a superposition state of πx and πy orbitals with the orbital vector parallel to the bond, i.e. |π l = cos φ|πx + sin φ|πy with φ as the angle between the bond and the xaxis. πx,y are molecular conjugated orbitals from HAB with analogical symmetries to px,y orbitals in single C or N atom. According to Fig. 3 (a), they distribute among both C and N atoms. In this model, tπ is equivalent to the σ-bond hopping amplitude, while the weak π-bond hopping is neglected. The fitted value for tπ is 0. To fully characterize this intriguing material beyond DFT, two additional questions should be answered: (a) What is the basis of these hopping models? The nonorthogonality of the effective πx,y-orbitals revealed from the band fitting already implies that they should be complicated molecular orbitals; (b) How does interaction change the picture? This question is particularly important to the kagome bands arising from Cu, because Cu 3d-electrons are known to experience strong Coulomb repulsion.
These questions can be partially addressed by studying the building blocks of Cu3(HAB)2 based on the state-of-the-art quantum chemistry computational package (Gaussian). We proceed by a "computational thought experiment" to first analyze a single HAB molecule [ Fig. 3(a) ] and then sandwich one Cu atom between two HAB molecules [ Fig. 3(b) ]. Figure 3(c) shows the three highest occupied levels of a single HAB molecule. We also plot the wavefunction of these three levels. It is clear that they mainly arise from the π-conjugation D R A F T of the C/N pz-orbitals. The two degenerate levels πx and πy on top have the same symmetry as the atomic px and py orbitals. The single level below πz has the same symmetry as the atomic pz orbital. The molecular πx,y-orbitals define the basis of Eq. 2. In a single molecule, πx,y,z are all fully occupied. Figure 3(d) shows the evolution of the occupied levels after putting a Cu atom between two HAB molecules. The highest occupied level now becomes a half-filled single orbital primarily consisting of the Cu 3d orbital. By choosing the Cu-N bonds as the orbital quantization axes, this molecular orbital is equivalent to an atomic d x 2 −y 2 -orbital. All the other Cu 3d-orbitals are found to be deep down away from the Fermi level and fully occupied. Hence, Cu is in a +2 (3d 9 ) valence state, or equivalently, contains one single hole. The situation is actually very similar to that in high-Tc cuprate superconductors (34) , where the Cu-O planar crystal field splits out a half-filled d x 2 −y 2 -orbital, and the dynamics of this dangling bond is the microscopic origin of all the unusual electronic properties (34) . The πx,y orbitals now become the second highest occupied levels. They are still degenerate, but the filling factor reduces from 1 to .This result can be understood by noticing that to bond with Cu, the two HAB molecules release four H + ions in total. The Cu 2+ ion, however, can only donate two electrons to the HAB molecules. Consequently, upon bonding with a Cu, each HAB molecule loses one out of its fourpx,y electrons.
We can now re-evaluate the DFT results. The effective four-band model on a honeycomb lattice (Eq. 2) can be firmly constructed out of the πx,y orbitals. These orbitals are itinerant, and thus should be well captured by DFT. The filling factor of the four-band set should be 1 4 , considering that Fig. 1(b) . Electrons in this eigenstate cannot leak outside the hexagon due to complete destructive interference (26) .
With respect to the kagome degree of freedom, the Cu-(HAB)2 cluster calculation indicates that each Cu 2+ ion contains a local spin, whereas the DFT calculation suggests the formation of a nonmagnetic metal with the Fermi level crossing the half-filling energy. This is the widely known failure of DFT due to the underestimation of electron correlation. A simple remedy within the DFT formalism is to include electron correlations in a Hartree-Fock mean-field manner, know as the +U correction. It has been demonstrated that DFT+U can correctly reproduce Mott insulating gap by explicitly breaking the time-reversal symmetry. Figure 2(d) shows the resulted band structure by choosing the empirically averaged Coulomb interactionŪ ∼ 5 eV as commonly used for Cu. By referring to the projected density of states (PDOS) [ Fig. 2(e) ], we found that the Cu kagome band is split into a set of lower Hubbard bands and a set of upper Hubbard bands. The Mott gap (U0) is about 2 eV, much smaller thanŪ ∼ 5 eV. It reflects the strength of onsite Coulomb repulsion in the presence of Coulomb screening due to itinerant conjugated π-electrons in the system. The complete Hamiltonian for this Cu 2+ degree of freedom can then be revised into:
[3]
The hopping amplitude t d = 0.06 eV in H 0 d is much smaller than U0. Therefore, at half filling, the large-U perturbation can be applied, which maps H d into a S-1/2 Heisenberg model: [4] where of the large distance between Cu 2+ ions. Furthermore, the πx,y,z molecular orbitals around the Fermi level primarily arise from the C/N atomic pz orbitals, which are orthogonal to the d x 2 −y 2 -orbital. Thus, there is no charge transfer between πx,y orbitals on HAB ligands and d x 2 −y 2 -orbital on Cu ions (Supporting Information). For the same reason, the superexchange for Cu 3d orbitals is scaled by on-site Coulomb interaction U0.
One more important point revealed in Fig. 2(d) is that a Zeeman splitting of the πxyz bands occurs. This splitting is not related to the instability of the πxy flat band, because the πz Dirac bands are also split of the same amount. Therefore, it should be attributed to the coupling with the Cu local spin. It is clear from Fig. 2(e) that the downshifted (upshifted) πxyz bands have the same (opposite) spin direction as the Cu spin, indicating a ferromagentic (FM) Hund's coupling:
Si · sI , [5] where Si and sI = σ=↑/↓ α=x,y σπ † Iασ πIασ are the spin operators of the Cu d x 2 −y 2 electron and the NN HAB πxy electrons, respectively. JH denotes the Hund's coupling strength, which is roughly of the same magnitude as the Zeeman splitting ∼0.1 eV.
To directly identify these two frustrated degrees of freedom, we propose to carry out scanning tunneling microscopy (STM) measurement of this material. STM has been widely applied to study the self-assembled metal-organic coordinated systems built through intermolecular hydrogen, covalent and coordinate bonding (35, 36) . Among those studies, many 2D network structures have been successfully synthesized through coordination bond between Cu and N atoms on various substrates (37-39), which makes growing and studying monolayer Cu3(HAB)2 through STM feasible and promising. Thus, we have simulated scanning tunneling spectroscopy (STS) mapping at two characteristic regions, as demonstrated in Fig. 4 . The dI/dV spectra shows two prominent Hubbard peaks blow and above the Fermi level along with itinerant peaks right on the Fermi level. The STM topography simulations around the upper/lower hubbard peak with a bias of 0.45/-1.55 eV exhibit clear kagome patterns, and a honeycomb feature is observed for the bias of 0 eV around the itinerant peaks, as shown in the insets of Fig. 4 . It is worth mentioning that our STM results are simulated for insulating substrates, where all the states will remain intact in the insulating gap.
Dicussion
By combining the results above, we arrive at a full effective hamiltonian characterizing this unique material:
which appears like a typical spin-fermion model as employed for iron pnictide high-temperature superconductors (40) (41) (42) and colossal magnetoresistance manganites (43, 44) . The interplay between the conducting electrons and local spins also lead to ubiquitous physical phenomena in other systems, such as the Kondo problems (45, 46) , the heavy fermion systems (47, 48) , cuprate high temperature superconductors (34, 49, 50) . The situation of Cu3(HAB)2 is actually even more exotic -beyond the dichotomy between electron localization and itinerancy, as the spin and fermion also simultaneously suffer from strong frustration. This bifrustrated spin-fermion model presents a new theoretical problem that remains to be explored by strong-correlation calculation methods, such as density matrix renormlization group (51) . On the other hand, the electron filling of the HAB ligands can be delicately tuned through either gating or chemical redox control (52, 53) , which will result in various interesting quantum states.
Here, we will give some preliminary discussions about the phase evolution of Cu3(HAB)2 with different doping concentration, based on the existing knowledge of the subsystems. When all the π electrons are removed (1e per HAB ligand, 1.24×10 14 cm −2 ), the system is at the H d side of the KAFM state, which is a hot topic in condensed matter physics in the past decade (33) . It is generally believed that H d alone will give rise to QSL with fractional spinon excitations. After adding H 0 π by doping small amount of π electrons, one simple possibility is that these fractional spinons can peacefully coexist with frustrated fermions in some circumstances, forming together a "fractional Fermi liquid" (FL * ) (48, 54 (55, 56) , known as "flat-band ferromagnetism". It states that when an on-site Coulomb repulsion of any finite magnitude is turned on, the half-filled flat band has a fully-polarized FM ground state. It was later demonstrated that the flat-band ferromagnetism is stable against small perturbations. In some sense, the flat-band ferromagnetism represents the large-DOS limit of Stoner's criteria, complimentary to Nagaoka's ferromagnetism under the large-U limit.
Thus, with more π electrons doped into the system, the flat-band ferromagnetism occurs and the itinerant fermions will act as a strong magnetic field on the spins via H πd . Recall that the Hund's coupling JH is of the order of 100 meV, much larger than the AFM superexchange J d 7 meV between spins. Consequently, the KAFM subsystem is also polarized into a FM configuration. Indeed, within the DFT+U formalism, we find that if we manually tunes the Fermi level to the halffiling point, which corresponds to extract 1/2 electron from each HAB on average, the spin degeneracy of the flat band is D R A F T spontaneously lifted, and the FM Cu spin order has the lowest energy (Supporting Information).
It is straightforward to perform a spin-wave expansion on Eq. 3 with respect to the FM polarized ground state: 
This Hamiltonian appears almost the same as Eq. (1). The main difference is that the hopping particle transforms from a fermionic electron to a bosonic magnon. Obviously, the magnon band structure is the same as Fig. 2 (b) after rescaling them with energy. It is important to note that the flat band is carried over to the magnon degree of freedom. The FM ground state is thus susceptible to various instabilities. In Fig. 1(c) , we label this regime as a "frustrated ferromagnet (FM)".
Conclusion and perspective
In conclusion, we have numerically demonstrated the coexistence of frustrated local spins and frustrated itinerant electrons in Cu3(HAB)2. Each of these two frustrated degrees of freedom is known to produce a rich phase diagram alone, and we argue that a real platform that simultaneously contains both will open even more possibilities. An effective model is constructed, but the theoretical solution has to rely on sophisticated numerical computations. Further experimental input is highly demanded, especially, the close energy proximity of the frustrated spin bands and charge bands enables a high tunability by gating to study the interplay between different quantum phases. One great challenge is to further improve the Cu3(HAB)2 crystalline quality. We have simulated the scanning tunneling spectroscopy and real-space mapping under different bias, which can be used to resolve the two types of frustrated lattices. The redox control techniques may also provide an alternate doping method to modify the electron filling of Cu3(HAB)2 lattice.
Materials and Methods
The crystal properties were calculated using first-principles methods based on density functional theory with Vienna ab initio simulation package code. The molecular properties of HAB molecule and Cu-(HAB) 2 complex were calculated using Gaussian package with the B3LYP functional. More details are presented in SupportingInf ormation. 
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